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The phenomenon of Quantum Tunnehng of Mesoscopic Spins is reviewed in the hght of the 
behavior of the archetype of these systems: the molecular complex Mni2-ac. Most observations 
can be understood in the framework of the reduced Hilbert space dimension 2S + 1 = 21. Due to 
the large spin S = 10, the energy barrier preventing spin rotation is large, and as a consequence, 
quantum relaxation is very slow. The application of a magnetic field of a few Tesla below 1 K 
allows to observe tunneling (i) between the states m = — 10 and m = 10 — n with n = 8 to 11 if 
the field is longitudinal, or (ii) between the two ground-states m « — 10 and m « 10 if the field is 
transverse. The crossover temperature between ground-state and thermally assisted tunneling in 
a longitudinal field extrapolates in zero field at ~ 1.7 K. The observation of square root relaxation 
at short-times/low-temperatures and of exponential relaxation at long-times/high-temperatures, 
as observed previously above 1.5 K, confirms the important role of the spin bath dynamics which 
is out of equilibrium in the first regime and at equilibrium in the second one. In a second part of 
this paper a new molecule, so-called V15, with resultant spin S = 1/2 is investigated. Contrary 
to high spin molecules, the energy barrier of low spin molecules is small or null, and the splitting 
between the symmetrical and anti-symmetrical states is sufficiently large to allow spin-phonon 
transitions during spin rotation. In low spin molecules the coupling to the environment is quite 
different from the one found in large spin molecules in low fields. 

KEYWORDS: macroscopic quantum tunneling of magnetic moment, Landau-Zener mechanism, dissipation, spin- 
phonon coupling 



§1. Introduction 

In small ferromagnetic nanoparticles, transitions be- 
tween the magnetic states ±M generally occur by Ther- 
mal Activation (TA) over the anisotropy barrier. These 
transitions could also occur at constant energy by Quan- 
tum Tunneling (QT), with superposition of the two 
states ±M. Magnetism being quantum at the atomic 
scale and classical at the macroscopic scale, a ques- 
tion raised in the past was to know what the size of 
a "giant spin" should be so that quantum manifesta- 
tions could be observed (10, 10^, 10^,. . .^b). Early ex- 
periments devoted to this question showed that highly 
anisotropic rare-earth intermetallics, like Dy3Al2 and 
SmCos.sCui.s, relax almost independently of tempera- 
ture below a crossover temperature Tc of a few Kelvin.^) 
A "tunneling volume" of about 10^-10'^ fj,B was obtained 
(equal to the thermal activation volume at Tc). These 
results and many others obtained more recently in the 
90s on magnetic films and nanoparticles, ^-^ are in agree- 
ment with today's expectations for highly anisotropic 
systems, but the interpretations were difficult due to 
the presence of distributions of energy barriers. The 
first model describing thermal and quantum dcpinning 
of a narrow domain wall,^' was stimulated by the ex- 
periments on Dy3Al2.^-' Recently, a clear demonstration 
of QT was obtained in the large spin molecules Mni2-ac, 
and later in Fcg . This allows to make a link between mag- 
netism and mesoscopic physics, which is strengthened 
by a more recent study on the V15 low spin molecule. 



In this paper, the phenomenon of Quantum Tunneling 
of Mesoscopic Spins is reviewed in the light of the be- 
havior of the archetype of these systems: the molecular 
complex Mni2-ac. This system is constituted of mag- 
netic molecules containing 12 Mn ions with spins 3/2 
and 2, strongly coupled by super-exchange interactions. 
The resulting spin S = 10 is relatively large and is de- 
fined over « 1 nm'^, containing 10'^ atoms of different 
species (Mn, O, C, H). The Hilbert space dimension is 
huge: 10^. However, in the "mesoscopic quantum tun- 
neling approach" where the spin S — 10 is assumed to 
be "rigid" , a Hilbert space dimension reduced to 21 is 
sufficient to understand most observations. Such a spin, 
in both Mni2-ac and Fes, is large enough to exhibit an 
important energy barrier between the states S = 10 and 
5 = —10 in the presence of anisotropy (of e.g. uniaxial 
symmetry). This leads to extremely small tunnel split- 
tings and slow relaxation. The latter can be decreased 
by orders of magnitude by the application of a longitu- 
dinal or transverse magnetic field. In Mni2-ac, below 
1 K, a longitudinal field of a few Tesla allows to observe 
tunneling between the states to = — 10 and to = 10 — n 
with n = 8 to 11, while a transverse field of the same or- 
der shows ground-state tunneling (to « —10 to to « 10). 
The crossover temperature Tc{H) between ground-state 
and thermally excited tunneling increases when the lon- 
gitudinal field decreases. It extrapolates in zero field to 
the value Tc(0) « 1.7 K. This value confirms previous ob- 
servations of a relatively high crossover temperature in 
bulk Mni2-ac.''' Finally, tunneling is deeply modified 
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by environmental degrees of freedom and in particular 
by the spin bath which leads to a square root relaxation 
at short times. 

In a second part of this paper the quantum behavior of 
a new molecule, so-called V15, containing 15 spins 1/2, 
is presented. The resultant spin S — 1/2 is small, as 
a result of antiferromagnetic interactions. Contrary to 
high spin molecules, there is no energy barrier and the 
splitting between the symmetrical and anti-symmetrical 
states (given by the matrix element) is sufficiently large 
to allow spin-phonon transitions during spin rotation. 
In low spin molecules the coupling to the environment 
may be quite different from the one found in large spin 
molecules, unless the latter are with large non-diagonal 
matrix elements. 

§2. Large spin systems (Mni2-ac type) 

The subject of quantum tunneling in molecular crys- 
tals started with studies of the magnetic relaxation of 
oriented grains of Mni2-ac.^"^-' The relaxation time de- 
termined above 0.8 K follows an Arrhenius law E = 
fcnn(T/ro) with a prefactor tq w 10~^ — 10~^ s and 
an energy barrier close to 60 K in zero field. Strong de- 
viations to this behavior were observed below 2 K: in a 
field tilted by 45° , the relaxation tends to be independent 
of temperature.^' This observation was interpreted as 
QT of the collective spin S — 10. Furthermore, relax- 
ation minima and dips in the ac-susceptibility, observed 
near zero field, suggested the phenomenon of resonant 
tunneling.'''^) Later, this phenomenon was quantita- 
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Fig. 1. Hysteresis loops of Mni2-ac, with the field along the 
c— a^xis. Alternations of plateaus and steps suggest a "macro- 
scopic quantization" of the longitudinal magnetization compo- 
nent. This in fact simply reminiscent of the quantization of Sz 
of individual molecules + tunneling in the presence of a complex 
environment. 

tively demonstrated by hysteresis loop measurements on 
oriented powder^"^ and on a single crystal. Magneti- 
zation experiments done in higher fields and lower tem- 
peratures, led to similar conclusions. "'^^^ 

2. 1 Tunneling in a longitudinal magnetic field 

For the description of the thermodynamical magnetic 
properties of Mni2-ac, the reader could refer to^^^ and 



references therein. 
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Fig. 2. Magnetization curves at difi^erent sweeping fields in Mni2- 
ac. 
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Fig. 3. Effective energy barrier of Mni2-ac vs. a field along the 
c— axis, showing a parity effect. Values of the zero field barriers 
are given. 



The out of equilibrium magnetic properties, are char- 
acterized by isothermal hysteresis loops measured on a 
single crystal of Mni2-ac (Fig. 1). The field was applied 
along the c— easy axis of magnetization with a measur- 
ing timescale r™ ~ 500 s per data point. Below the 
blocking temperature of 3 K, staircases with equally sep- 
arated magnetization steps characterize the dynamics of 
the system. In the flat portions of the loops, where the 
magnetization M has not the time to relax, its relax- 
ation time T is such as ^ r; in the steep portions of 
the loop where M relaxes rapidly, « t. As expected, 
faster sweeping rates give smaller and broader steps (see, 
in Fig. 2, the steps near 1.8 T; note that the last steps 
are always broader due to the "finite size" of the total 
magnetization). In addition, relaxation measurements 
give sharp minima precisely at the fields of the magne- 
tization steps: Hn ^ 0.44 n, with n = 0,1,2,...") To 
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illustrate this effect, we give here a dynamical scaling 
plot (Fig. 3). 
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Fig. 4. Magnetization curves in decreasing field, extracted from 
torque measurements with an applied field parallel to the c-easy 
axis. One observes that below 0.6 K, the curves are temperature 
independent, showing that tunneling is not thermally activated. 
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Fig. 5. Resonance fields Hn measured for n = 8, 9, 10, 11 at 
temperatures between 0.4 K and 1.25 K. For each n a plateau is 
observed below a critical temperature Tc(n). This temperature 
varies linearly with n as shown in the inset: the triangles are 
plotted from A. Kent et al.*"' and the squares were obtained in 
our study. 



Fig. 4 shows several hysteresis loops, recently mea- 
sured at the High Magnetic Field Laboratory in Grenoble 
(LCMI), using a torque magnetometer below 1.3 K.^"*) 



The way to extract the longitudinal magnetization (par- 
allel to the easy c— axis) from the torque, will be pub- 
lished elsewhere and compared to previous experiments 
of Perenboom et al.^^' In Fig. 4, the transverse com- 
ponent of the applied field was smaller than 0.1 T. The 
obtained hysteresis loops show magnetization jumps at 
certain values i?„ of the longitudinal field, as in Fig. 1, 
but the temperature being here rather low, the entire 
hysteresis loops become independent of temperature be- 
low a crossover temperature Tc ~ 0.6 K. This low tem- 
perature saturation, already observed, i^-' suggests that 
thermal activation is not relevant at these temperatures, 
and that tunneling takes place from the ground-state 
m = —10 to a state m = 10 — n, with n = 8, 9, 10 
and 11, depending on the exact value of These 
fields become independent of temperature below Tc(n) 
but they decrease above this temperature (Fig. 5), con- 
firming the existence of a crossover at Tc (in the presence 
of fourth order crystal field terms). The inset of Fig. 5 
shows that Tc increases almost linearly when n, i.e. the 
field, decreases, as expected. Interestingly, a linear ex- 
trapolation of Tc vs. n gives the zero-field crossover tem- 
perature Tc{0) « 1.7 K. This value is consistent with the 
temperature of 1.9 K, below which the beginning of a 
relaxation plateau was observed,^' -^^^ confirming the 
negligible role of the minority phase of Mni2-ac at long 
time-scales. A more detailed description of these 

experiments and their interpretation will be given in a 
further report. 

2.2 Tunneling in a transverse magnetic field 

In order to study the effect of a field perpendicular 
to the easy axis of magnetization, hysteresis loop mea- 
surements were first performed above 1.5 K with a field 
tilted by an angle ^.i^. i^) j^j. ^ _ alternations 
of plateaus and steep variations of the magnetization 
AM, are observed (Fig. 6). AM increases with the 
transverse field component Hx = HsinO, but the po- 
sitions of the steps remain at the same longitudinal field 
Hlu = Hcosd « Longitudinal and transverse 

fields having, to first order, "orthogonal" effects (the for- 
mer puts the levels in coincidence and the latter removes 
the degeneracy of these coincidences by creating the tun- 
nel splitting) , it is normal that a transverse field does not 
modify significantly the coincidence if the applied field 
is much smaller than Ha, but only increases the tunnel- 
ing probability. The measured relaxation times follow 
an Arrhenius law with a barrier reduced by the trans- 
verse field. The observed increase of AM with Ht and 
T is due to (i) easier TA resulting from the lowering 
of the energy barrier as predicted by the classical ex- 
pression cx 1 - 2{Ht + Hl)/Ha for {Ht + Hl) Ha 
and/or (ii) easier QT resulting from the increase of the 
tunnel splitting of resonant level pairs —m and m — n, 
A oc {Ht / HaY"^^^ + higher terms. A comparison be- 
tween these two contributions shows that thermally ac- 
tivated tunneling on excited states takes place on deeper 
and deeper energy levels when Ht increases. The trans- 
mission rates of different thermally assisted channels in 
a transverse field were calculated and compared to 
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experiments. 




Fig. 6. Magnetization curves measured in Mni2-ac with a tilted 
magnetic field (the angles are with the c— axis). 



0.7 ^ 




2.5 3.0 3.5 4.0 4.5 5.0 

Transverse Field (T) 



Fig. 7. Variation of dM/dH vs. H, measured in Mni2-ac with a 
transverse field of about 4 T. Below « 0.6 — 0.7 K, the curves 
are temperature independent. 



It was concluded that ground-state tunneling is ob- 
tained for Ht larger than a few Tesla. This effect was 
recently clearly shown for the first time. For that we 
made the same sub-Kelvin torque experiments as above, 
but in the presence of a field almost perpendicular to the 
easy c— axis of magnetization. In this case the symme- 
try of the double potential well of Mni2-ac is essentially 
preserved and ground-state tunneling between the states 
m « — 10 and to « 10 can be observed. In these ex- 
periments, the tilt angle was very close to 90°, within a 
range of one degree, giving a transverse field component 
between 3.5 and 4.5 T, and a longitudinal component 
varying around 0.04 T. Fig. 6 shows the n = reso- 
nance, observed in zero internal field. The longitudinal 
component of the applied field is exactly opposite to the 
Lorentz field, to cancel it. In order to show this resonance 
more clearly at different temperatures below 1.3 K, we 
plotted in Fig. 7 their profile dM/dH vs. H. As ob- 
served in longitudinal fields, the curves are independent 



of temperature below a certain temperature, which is 
here « 0.6-0.7 K. This shows that below Tc « 0.6-0.7 K 
the tunneling, observed in zero internal field, is of pure 
quantum origin and corresponds tomw— lOtoTOsalO 
transition. In particular phonon emissions which must 
be present in the case of asymmetrical potential wells 
are absent here and the relaxation plateau cannot be at- 
tributed to self-heating. Besides, thermalization is opti- 
mal in the "^He bath of these experiments. Note that the 
TO = —10 and m — 10 ground-states are in fact slightly 
mixed by the transverse field, and the z-component of S 
in each well is reduced to a value which can be approx- 
imated by TO = 5*2 ±5 cos w 9 which is neverthe- 
less close to 10 {(j) is the angle between S and the easy 
c— axis). 

This first clear observation of ground-state tunneling 
of the main phase of Mni2-ac allows to study the quan- 
tum relaxation of this system (next section). Note that 
in all these experiments with longitudinal and transverse 
fields of several Tesla, the minority phase of Mni2-ac is 
superparamagnetic and cannot contribute to hysteresis 
loops and relaxation experiments, unless by increasing 
on a negligible way the dynamics through weak dipolar 
interactions. 

§3. Resonant tunneling mechanisms 

3.1 General interpretation 

The simplest way to interpret these results is to cal- 
culate the spectrum of energy levels in the presence of a 
magnetic field. For that we use the following Hamilto- 
nian for a spin 5 in a crystal field of tetragonal symme- 
try, with an applied field H{Hx, Hz). This Hamiltonian 
contains a diagonal part Hi and a non-diagonal H2 one 

Hi = -DSl - BSt - g^isSzH, (3.1) 

and 

H2 = -C{Sl + St)-g^iBSxH,. (3.2) 

In so doing, one neglects all the internal degrees of free- 
dom of the collective spin, and this is precisely the inter- 
est of this "mesoscopic" approach. With 4 spins 3/2 and 
8 spins 2, the dimension of the Hilbert space of the collec- 
tive spin of Mni2-ac is 10^ (or 6^ for Fes and 2^^ in V15). 
Together with extremely small gaps, this very large di- 
mensions can be taken as a characteristic of mesoscopic 
spins. Nevertheless we expect some effects associated 
with the fine structure of the molecule level in connection 
with e.g. intra-molecular anti-symmetric Dzyaloshinsky- 
Moryia interactions Dij -(SiXSj), which do not conserve 
13,15) assume that these terms are more or less 
well represented by different contributions in Eq. 3.1, 3.2. 
The energy spectrum in longitudinal field is given by the 
hamiltonian 7?i , E{m) = —Dm^—Bm'^—guBmHz where 
TO = Sz- The levels to(> 0) and n — m{< 0) cross when 
E{ni) = E{n — to). The crossing fields (or resonance 
fields) are given by: 

i7„ = — [l + :^((TO-n)2+TO2)]. (3.3) 
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If the effects of B were neglected, the crossing fields 
would be equally separated and given by i?„ ~ 
nD/gjiB = tiHaI (25' — 1), where n = 1, 2, . . . The com- 
parison with the observed sequence of fields w 0.44n 
gives DjgpiB ~ 0.44 T i.e. D k, 0.60 K. The value 
BjD K, 0.002 shows that the shift due to B is small 
for excited levels but rather large for lowest levels. In 
the following we will take the set of values D — 0.56 K, 
B = \.\ mK, C = 3 • 10-5 K obtained in EPR.^*) In low 
fields above 2 K, AF„ k. 0.41(1 -h0.004m2) suggests that 
tunneling occurs mainly through m. « 4. Energy bar- 
rier determination from relaxation measurements on the 
magnetization plateau near zero field gives \E\ Ri 67 K. 
This is also in agreement with these parameters; for 
n = 0, = -DeffS^ with D^ff ^ D + BS^ gives 
E ^ 56+ lO-^S"^ « 67 K (for S = 10). Finally, di- 
rect anisotropy field measurements (magnetization mea- 
surement in a field perpendicular to the easy axis) give 
\E\ « 65 K^^' which is close enough to the EPR value 
of 67 K.i*^) 

The non-diagonal part of the hamiltonian H2 removes 
the degeneracy at level crossings giving the splitting A 
(anti-crossing or level-repulsion). Following van Hem- 
men and Siito,^^^ we can write for a non-diagonal term 
Cp of order p: 

The gap is an exponentially small fraction of the 
anisotropy level separation « DS and is in general ex- 
tremely small for large spins. This expression can be 
extended to n 7^ 0: A(™.„) = (Dm/7r)[(2Z)/Cp) • S'^^-p) • 
/(to/S')]-(2™-")/p where f{m/S) is a function which 
could be evaluated. The gaps A associated with the res- 
onances allowed by the anisotropy (—to, m! = m — n,n) 
were calculated numerically in Mni2-ac, by exact diag- 
onalization of the = 10 matrix for the parameters 
given above (sec Table I). Only those transitions such 
as TO — TO/ is a multiple of 4 are allowed. If a transverse 
field is also taken into account in the diagonalization, the 
condition becomes simply to — to/ = integer. As an ex- 



The fast increase of A with n explains why a longitu- 
dinal field allows to observe the relaxation of Mni2-ac 
below 1 K. The gaps also increase dramatically with a 
transverse field as shown by Eq. 3.4. 

3.2 Tunneling probability between two levels 

If the two levels were exactly in coincidence the tun- 
neling rate would simply be given by A//i. However this 
situation never occurs because levels are never in "static 
coincidence" . If one assumes that a magnetic field is ap- 
plied with the rate c = dH/dt at the anti-crossing of two 
levels, the time A/cgiisS during which the field crosses 
the region A/gusS where the magnetic states are mixed, 
can be much smaller or much larger than the character- 
istic oscillation time of the two-level system h/A. In the 
first limit, the initial spin state = —m has not enough 
time to mix with = m — n and it is unchanged (non 
adiabatic transition). In the second one, —to changes in 
m — n and at the anti-crossing the two states are mixed 
giving oscillations of 5z (adiabatic case). In this interme- 
diate region, Sz — 0. In the general case^""^^^ (Landau- 
Zener model) the transition probability is given by the 
ratio of these two times: 

-Pm,n = 1 - exp (-r„,„) (3.5) 

with 

Vm,n = ttA^^ „)/[2;j(2TO - n)gtiBdH/dt] (3.6) 

If r„i.„ ^ 1, Prn.n ~ ^m,n- In large spin systems such as 
Mni2-ac or Fes where zero-field ground-state splittings 
A/gusS are of the order of lO"'' and IQ-^^ T, the re- 
gions A are crossed in to lO^^^/c seconds. The 
oscillation time /i/A is going from 10"^ to 0,1 second, the 
Landau-Zener probabilities are F w 10~^/c and 10~^°/c, 
(where c is expressed in T/s). Typical values of c (be- 
tween 10~^ and 10^ T/s) give F <C 1 i.e. essentially 
non-adiabatic Landau-Zener transitions (in the absence 
of fluctuations and magnetic field). It is clear that with 
an applied field, A can reach values approaching P 1 
(Eq. 3.4), and this is the reason why ground-state tunnel- 
ing can easily be observed in Mni2 "clCj cLS shown above. 



Table 1. Non-zero tunnel splittings calculated by exact diagonal- 
ization for the spin 5 = 10 of Mni2-ac. Each cell contains the 
splitting in Kelvin and the label of the crossing levels under the 
form (— m,m',n). The crystal field parameters^*) are given in 
section 3.1. 



(-10,10,0) 
1.15 ■ 10"" 


(-10,6,4) 
4.67 ■ 10"* 


(-10,2,8) 
1.61 ■ 10-5 


(-10,-2,12) 
1.84 ■ 10-3 


(-10,-6,16) 
9.67 ■ 10-2 


(-9,7,2) 
9.41 • 10"® 


(-8,8,0) 
1.16- 10-''' 


(-8,4,4) 
7.45 ■ 10-^ 


(-8,0,8) 
8.68 - 10-3 


(-8,-4,12) 
2.98 - 10-1 


(-9,3,6) 
4.19 ■ lO""' 


(-7,5,2) 
1.03 ■ 10""' 


(-6,6,0) 
1.14 ■ 10-"' 


(-6,2,4) 
1.77 ■ 10-2 


(-6,-2,8) 
4.97 ■ 10-1 


(-9,-1,10) 
4.69 ■ 10"-' 


(-7,1,6) 
1.33 ■ 10-2 


(-5,3,2) 
2.08 ■ 10-2 


(-4,4,0) 
2.2 ■ 10-2 


(-4,0,4) 
6.38 ■ 10-1 


(-9,-5,14) 
1.94-10-1 


(-7,-3,10) 
4.02 • 10-1 


(-5,-1,6) 
4.97-10-1 


(-3,1,2) 
6.76-10-1 


(-2,2,0) 
6.89 - 10-1 







ample, = 0.1 T gives A/ks = 2 mK for m = m/ = 3. 



3.3 Effects of temperature 

For a given coincidence field {n fixed), —to, can take 
different values —m= —10,-9,... up to the top of the 
barrier. A tunneling channel can be associated with 
each one of these vahies of —to,, giving paths such as 
— 5 =^ —TO TO =J> S". The first portion {—S —to) is 
thermally activated while the second one (—to => m) 
is tunneling. The third one (to S) is associated 
with phonon emissions. The total transition rate is 
given by the product of the Thermally Activated rate 
F(to) = Tf^^ cx^p {E{-S) - E{-m))/kT by the tunnel- 
ing probability Pm,n between —to and m — n: 

Tta = Pm,nTo^ cxp (S(-S') - E{-m))/kT (3.7) 

This expression explains the Arrhenius behavior of the 
relaxation time in the high temperature regime of Mni2- 
ac. In this regime, tunneling simply modifies the prefac- 
tor of the Arrhenius law (whose temperature dependence 



6 



B. Barbara, I. Chiorescu, R. Giraud, A. G. M. Jansen, A. Caneschi 



is weak compared to the exponential). Depending on the 
values of temperature and field, three different tunneling 

regimes can be defined: 

— The thermally activated tunneling regime, where 
tunneling takes place on upper paths. Those paths arc 
on levels m < nic, for which the tunneling probability is 
much larger than the thermal one, i.e. Pm,n ~ 1- This 
high temperature regime allows to understand the pas- 
sage to the classical behavior. The rate for — m to m — n, 
change is given by: 

Tac « Tq-i exp {E{-S) - E{-m^))/kT (3.8) 

Above E{mc), the barrier is transparent: tunneling is so 
fast that it short-circuits the top of the barrier at ener- 
gies larger than E{mc). One can see in Eq. 3.4 that for 
small m, A becomes comparable to crystal field level sep- 
arations and everything is so well mixed that the states 
of spins up and down have no meaning (there is no bar- 
rier). In the presence of a longitudinal field, one can also 
define an "effective barrier" : 

E{m, n) = E,ff (H) « E,ff (0) (1 - H/HaT , (3-9) 

with 

E,ff{0) = E{-m,) - E{-S) « D,ff{S^ - ml) 

The notion of effective barrier Eef / {H) has the advan- 
tage to provide a simple scaling expression (Eq. 3.8 and 
Eq. 3.9) for the analysis of relaxation experiments in 
the thermally activated tunneling regime. The relax- 
ation times t{H,T) measured in Mni2-ac between 2.5 
and 3 K have been analyzed using the scaling plot of 
Eeff = T In r(ff,T), with a « 2 or 3/2 (Fig. 3). The 
effect of tunneling is equivalent to a reduction of energy 
barrier from 67 K to 60 K (in zero field), i.e. of about 
10%. A comparison with (Eq. 3.9) gives {md SY w 0.1, 
and this shows that tunneling short-circuits the top of 
the barrier when m < mc « 3. Interestingly, ac- 
susceptibility experiments give E^M K,i3.i7) and this 
is a larger value than the 60 K of quasi-static experi- 
ments because ac-experiments are faster, giving smaller 
reduction of the top of the barrier. This scaling analysis 
is more accurate than previous plots. It shows dips in 
Eeff which are more important for even values of n than 
for odd ones. This parity effect seems to be a tunneling 
manifestation of the fourth order transverse anisotropy 
terms C{S\ + St.) which contributes to tunneling only 
for n even or multiple of 4 (depending on the parity of 
m). In fact it is very general, in particular because it 
occurs not only for fourth order terms but also for other 
orders, such as the order one if the timescale is short 
enough.^°'^'') As an example, in the presence of a trans- 
verse magnetic field, even resonances are induced by S\ 
or Sl, whereas odd resonances are induced by combi- 
nations like by S^S^ or SxSt_?^^ It is clear that these 
effects, observed here at high temperature, also exist at 
low temperature. 

— The thermally assisted tunneling regime is 
for intermediate paths. The TA probability oc 
exp{—Deff{S'^ — m1)/kT) and the tunneling one are not 
very different from each other. This is for m > rric 



but not too large, otherwise levels are too deep and tun- 
neling is too slow. The thermally assisted tunneling rate 
for — m to TO — n transitions can be written: 

Tas « To exp (I?e//(^' - rnl))/kT, (3.10) 

with 



2TigiJLB{'^m — n)hs tq 

if To <C Tg, where hs and are the amplitude and 
the characteristic time of internal field fluctuations, and 
To the prefactor of the Arrhenius law. In the presence 
of dipolar field distribution Fq is multiplied by hg/Hn 
where Ho is the width of the distribution. The tun- 
neling gap can be evaluated by a comparison of measured 
and calculated relaxation rates (Eq. 3.10). In assisted 
tunneling regime, where r « 10^ s, at T » 2 K, « 0, 
To ~ 10-8 s and Ho « 40 mT and = Ti w 10"'' s (see 
below), we find A/Icb ~ 3 mK. This value is close to the 
gap A/fcs ~ 2 mK, calculated for to = TOc « 3 (Table I). 
For TO > 3 or 4, A decreases dramatically (Eq. 3.4 or Ta- 
ble I), and relaxation times become very long (Fq oc A^). 
In order to observe ground-state tunneling it is necessary 
to increase level mixing by applying a magnetic field. 

— The Ground-State tunneling regime. In the pres- 
ence of a longitudinal field, the tunneling path —S to 
+S — n is followed by phonon emissions while +S — n 
reaches the ground-state -\-S. In the absence of longitu- 
dinal field (n = 0), tunneling occurs between —S and +S 
(ground-state tunneling). Energy conservation is natu- 
rally fulfilled, but couplings to the environment are still 
required for angular momentum conservation. In both 
cases tunneling rate can be enhanced by the application 
of a transverse field. At T = the tunneling rate is given 
by (for F < 1): 

Tgs = P(-s,s-n)/rs = 7rA^5,„)/[2%/iB(25 - n)HD] 

(3.11) 

where is Hu the internal dipolar field {qhbSHd = Eu)- 
Here too the comparison between measured and calcu- 
lated relaxation times gives access to the tunnel split- 
ting. The relaxation time measured in zero field at 
1.8 K (beginning of the plateau), r « 10^ §^7, lo, 15) gjyes 
A/fcs w 10^1° This value is not very much differ- 

ent from A/ks ~ 10^^^ K, calculated by diagonalization 
for S=10 (Table I). A value of C w 4.5 • 10"^ K instead 
of 3 • 10~^ K could explain this difference. 

Using more recent relaxation experiments below 1.3 K 
and in the presence of a transverse field of 4 T, we find 
a tunnel sphtting of A/ks ~ 10~^ K (section 4.3). 

3.4 Effects of environment 

The crucial role of couplings to the environment in 
"Macroscopic Quantum Tunneling" was pointed out sev- 
eral years ago.^^^ These couplings tend to destroy MQT 
effects, but at the same time they are necessary to ob- 
serve it. Environmental couplings giving dissipation, 
the spin motion between the two wells is non-equally 
damped, and this dephases the two wave functions and 
destroys their interferences: the system becomes more 
classical and tunneling is eventually suppressed. In 
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Ref we gave a physical picture of this effect, called 
"topological decoherence",^^'^^^ in terms of the Berry 
phases.^®) 

Tunneling can also be suppressed if the environment 
contains internal bias fields, which brings the molecules 
out of coincidence. The main origins of internal fields 
are the quasi-static components of hyperfine fields of the 
molecule itself and the quasi-static components of dipo- 
lar fields between molecules. They give a Zeeman energy 
distribution for molecular spins. The Zeeman shifts of 
the states +711 and —m of a molecule with non-zero in- 
ternal field, can be compensated by the application of an 
external field of opposite value. However this compen- 
sation cannot be exact due to finite field resolution 6H , 
(unless gfisSSH < A, which is unrealistic for mesoscopic 
spins) . This basic interdiction for tunneling can be lifted 
by the environment, and in particular by fast fluctua- 
tions of internal fields. If the energy separation of the 
levels +m and — m, is smaller than guBmHf where Hj 
is the amplitude of the fiuctuating field, these levels will 
come into coincidence f/r/ times per second, where r/ 
is the mean fluctuation time, allowing tunneling at each 
coincidence in the "energy window " guBinHf. This 
effect of dynamical (homogeneous) broadening "averag- 
ing" static inhomogeneous broadening, in a given energy 
window was recognized only recently. In this work 
the fluctuations were assumed to be of hyperfine origin: 
the fast fluctuations of amplitude Hf are those of the 
hyperfine fields and their characteristic time is r/ = T2. 
However at large enough temperature, the temperature 
dependent process Ti or fast fluctuations of the dipolar 
fields can also be relevant. 

Note that the applied field itself is never completely 
stable and its fiuctuations about a stable mean value can 
induce tunneling. This seems to be an interesting aspect 
of the measurement in quantum mechanics, where fluc- 
tuations in the; measuring apparatus induce tunneling 
(here the coils, the current supply). In an ideal system 
where the environment would only be constituted of the 
measurement set up without any other fluctuations tun- 
neling could only be observed through the imperfections 
of the measuring tool. The width of the tunnel transi- 
tion would be simply given by the instrumental homoge- 
neous broadening of quantum levels, allowing tunneling 
in the window g^B''nV< h? >, where h{t) is the fluctu- 
ating part of the field H conjugated to the order param- 
eter. Further analysis will require to distinguish between 
our ability to select a given value of the applied field and 
the imcertainty on the determination of this value. Note 
that one may simulate a "bad measuring tool", by ap- 
plying a fluctuating field of amplitude larger than the 
internal fields. The simplest case, which we use com- 
monly, is to apply an ac field to accelerate the dynamics, 
but the simulation of a "bad apparatus" would require 
to apply a field random in time (e.g. white noise) and to 
test the effect of different statistics on the resultant tun- 
neling effect (amplitude, time-scale, white noise or with 
correlations). 

In systems such as Mni2-ac or Feg, hyperfine and 
dipolar field fluctuations are in general more impor- 
tant than those of the measuring tool. When the tem- 



perature is such that the first excited level m = 9 is 

occupied (roughly above 1 K), fast fluctuations come 
from local dipolar and hyperfine fields .ffjoc around their 
mean values, with A/ = Am = ±1 co-flips (Ti), and 
also at higher temperature from phonon transitions as- 
sociated with Am = ±1. At low temperature when 
these process are frozen, only T2 remains. The domi- 
nant fluctuation time given by an Orbach process"^^-* is 
Ti « To exp(£;(m) - E{S))/kBT and Hf w Hioc/S « 
Hioc/IVN- For Mni2-ac at about 2 K, we get Ti « 
fO-4 - 10-5 s and i?/ « 1 - 5 mT (5* = 10, / = 5/2 
and = 12 for the Mn nuclear spins in a molecule). 
NMR on Mn nuclear spin was recently made possible by 
Goto et al.^^-' Transfered hyperfine fields of protons give 
Ti « 10-4 s and Hf w 1.4 mT.33) 

§4. Relaxation laws and resonance profile 

There are two ways to describe a resonance. In the first 
one, one plots the profile of the resonance determined at 
a given time-scale, e.g. by plotting dM/dH vs. H, for a 
given sweeping field rate dH/dt. In the second one, the 
field is kept constant and one plots the magnetization vs. 
time, M{t). Both ways were studied in Mni2-ac. It was 
shown that relaxation laws M{t) and resonance profile 
dM{H)/dH are not independent. 

4-1 Thermally activated relaxation 

In the high temperature regime, above « 2.5 K i.e. not 
far from Tb, the tmmel splitting A, averaged over a few 
excited levels, is of the order of the resonance line- width 
(about 0.5 K). In this case the resonance, homogeneously 
broadened by spin-phonon transitions of energy A, has a 
Lorentzian line-shape and the relaxation is exponential 
(M oc exp(— t/r)). The contribution of dipolar fields to 
the resonance line-width is also Lorentzian, because any 
"reaction" of dipolar fields Ho to spin reversals, is con- 
tinuously averaged in time, meaning that the system is 
equilibrated. The tunnel window covers the whole reso- 
nance and since gfiBHo ~ A, the resonance width is of 
both origins (dipolar and intrinsic i.e. with spin-phonon 
transitions). This equilibrated regime, corresponds to 
what we called above the "thermally activated tunnel- 
ing" regime. 

4-2 Thermally assisted relaxation 

In the intermediate temperature regime (below w 
2.5 K), dipolar fields are essentially frozen leading to an 
inhomogeneous distribution of internal fields. The intrin- 
sic tunnel window of width A and the small fluctuating 
parts of internal fields are much narrower than the width 
of the inhomogeneous distribution of internal fields: the 
latter is not averaged by the quantum dynamics and its 
profile could be anything (e.g. Gaussian in particular 
theoretical situations, but numerical simulations showed 
that it is in general more complex than either Lorentzian 
or Gaussian). In Mni2-ac at 1.6 K, resonance peaks 
are shifted to lower fields and their width increases after 
zero-field cooling, showing that the inhomogeneous dis- 
tribution of dipolar fields is at this temperature broad 
enough to determine the resonance width^^^). 
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In this intermediate temperature regime, strong devi- 
ations from exponential relaxation were observed, and in 
particular a square root law.-'^^'^^^ 




Fig. 8 



Scaling plot of the relaxation in Mni2-ac in zero applied 
field. Strong deviations from an exponential occur below tsc ~ 
10^ s (continuous curve). The scaling variable is Tsc = (t + 
tjn) ■ t(2 K)/r(r), where t is the relaxation time and tw is an 
experimental waiting time. Inset: low temperature regime where 
the relaxation is nearly a square root of the time. 



However this law is not limited to K and M « Ms as 
predicted. Furthermore a crossover between square root 
and exponential relaxation is quite apparent in Mni2- 
ac. A scaling analysis (Fig. 8) shows (i) an asymp- 
totic exponential regime between 3 K and « 2.7 K 
(high-temperatures / long-times), (ii) important devi- 
ations from this regime between « 2.5 and 2 K, and 
finally (iii) a square root asymptotic regime below 2 K 
(low-temperatures / short-times). This low temperature 
regime was recently extended down to 0.4 K (see below). 
The crossover region (ii) is broad and not trivial. In par- 
ticular it shows highly non-linear S-shaped M{t) curves. 
Furthermore, it takes place at temperatures where Mni2- 
ac should be equilibrated, with exponential relaxation. 
These observations seem to result from the decrease of 
the total magnetization M{T,t), with increasing time 
or/and T.^^) In this case, the mean internal field de- 
creases, and this leads to opposite shifts of the spin-up 
and spin-down density of states. The first resonance 
(in zero internal field) is maximum when the applied 
field compensates the mean internal field (Lorentz field): 
Ho = -Hint = -CM{T,t), where C = 47r/3 - N gives 
the difference between the Lorentz field and the sample 
demagnetizing field. If the sample has a needle shape, 
as in Mni2-ac, this field Hi w — 47rAf(T, t)/3, is nega- 
tive. In other systems with different shapes, like Fes, it 
is positive. In the course of relaxation the -\-S density 
of states decreases (due to the decrease of -ffi(t, T)) and 
this gives also a square root relaxation, but which is valid 
at high temperature i.e. in the thermally assisted regime 
(at low temperatures where the changes in M{t, T) are 
too small, the square root regime is exclusively described 
in the frame of model'^'^^ ). Furthermore the relaxation 
law may depend on whether the relaxation is performed 



exactly at resonance or not. This allows in particular to 
understand the not trivial ^-shaped relaxation curves. 

4--3 Ground-state relaxation 

The hysteresis loops shown above, deduced from 
torque experiments in the presence of relatively large 
longitudinal and transverse fields, give evidence of 
temperature-independent tunneling below « 0.6 K 
(Fig. 4 and Fig. 5). Now we consider the relaxation 
experiments performed in the same conditions of field 
and temperature, i.e. around 4 T and at temperatures 
below 1.3 K. This will make a link with previous experi- 
ments above 1.5 K, and fields up to 3 T. In both cases of 
longitudinal and transverse field, the observed quantum 
relaxation can be very fast and this allows to analyze in 
details the M{t) curves even at temperatures well below 
1 K. 



square root 
regime 



Longitudinal field 
T = 1 K 




exponential fit 

square root fit 



500 1000 1500 2000 2500 3000 3500 

t(S) 

Fig. 9. Relaxation curve in a longitudinal field for the resonance 
n = 8 (H 4 T) and T = 1 K. The square root regime is 
observed only at short timcscales, then the relaxation becomes 
exponential. 





Transverse field 
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Fig. 10. Relaxation curve in a transverse field of 4 T for the reso- 
nance n = and T = 0.5 K. The square root regime is observed 
only at short timescales, then the relaxation becomes exponen- 
tial. 



Two examples of relaxation curves measured in a lon- 
gitudinal or a transverse field are plotted in Fig. 9 and 
Fig. 10. A square root regime is clearly observed in both 
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cases, but at short timescales only (see also Fig. 11). At 
longer timescales, the relaxation becomes exponential in 
all cases. In these figures the square root and exponential 
plots are done using the following expressions: 

(M - Mi)lMs = Vr(t + to) (4.1) 

and 

[M - Me) = ^exp -(r't) (4.2) 

Note that the data are much more noisy in longitudinal. 
This is because in this case the torque is minimum (a 
very small transverse field component has to be set to 
get a torque), while in the transverse case it is almost 
maximum. Nevertheless, the square root and exponen- 
tial character of the relaxations is evident in both cases. 




1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 



Fig. 11. Magnetic relaxation in Mni2-ac for n = (transverse 
field), plotted vs. the square root of time t + to where to = 1-5 s 
is imposed by our experimental time resolution. The weak S- 
shaped character of the curve is due to small shifts in the density 
of spin states with temperature (see section 4.2). In the inset 
is plotted the deduced square root relaxation time for different 
temperatures. One notes a plateau below 0.6 — 0.7 K. 



The square root relaxation time derived from short 
timescale experiments is plotted in the inset of Fig. 10. 
It is independent of temperature below a crossover tem- 
perature Tc of about 0.6 — 0.7 K, showing ground-state 
tunneling relaxation in the bulk phase of Mni2-ac for the 
first time. The observed square root law, being for n — 0, 
corresponds to the switch of the total magnetization from 
+Ms to —Ms and it is centered near M = 0, i.e. for 
M <^ Ms, which was not predicted in model. It is in- 
teresting to note that the crossover temperature Tc{H) 
between ground-state and thermally assisted tunneling 
does not seem to be related to the crossover temperature 
Tb{H) between square root and exponential relaxation. 
The reason is that the former depends only on the tem- 
perature of the spin bath while the second depends also 
on the equilibration of the spin-phonon system with the 
cryostat temperature. 

Contrarily to the experiments performed at T > 2 K 
and discussed above, the square root laws observed below 
1 K are not associated with the shift of the total energy 
distribution of spins, but results from a hole burned by 
tunneling in this energy distribution at zero energy, as 



predicted by Prokof'ev and Stamp. This hole must 
persist during all the square root regime (about 30 sec- 
onds) and should vanish in the exponential regime which 
characterizes an equilibrated spin system. The existence 
of such a finite hole life-time below cannot be pre- 
dicted in a zero Kelvin model. At finite temperature the 
hole should vanish when the spin system becomes equi- 
librated, i.e. when the tunnel window becomes as large 
as the width of quasi-static internal field distribution. 
This is what is in principle expected above Tc- The fact 
that this is observed even below Tc, at long timescales, 
suggests that there are other mechanisms such as spin- 
phonon transitions which reorganize the spin energy dis- 
tribution at temperatures below Tc- 

Let us now evaluate the ground-state tunneling gap 
A, from the relaxation experiments in longitudinal and 
transverse fields of « 4 T. 

In the first case, the tunneling rate is given by F = 
7rAV(2?i£'D) where Ed = (25 - n)gfiBHD. Know- 
ing the measured rate F « lO^^s^^, S* = 10, n = 8, 
gjiBHo /ks ~ 0.05 K, this expression gives A/ks ~ 
10^^ K. Interestingly the calculation of the splitting, by 
diagonalization, using the anisotropy constants of Mni2- 
ac up to fourth order, gives a value which is very close, 
A/fcs = 1.6 • 10^5 K (Table I). 

In the second case, the tunneling rate is given by 
the same expression where Ejj = 2Sgfj,BHz). Tak- 
ing gunHo/kB = 0.05 K, the measured rate F « 
10-2 s-i gives A/fcs « 4 • 10"^ K. The diagonaliza- 
tion of the matrix gives A/ks ~ 10^^ K. Note that 
when Fts ~ 1 the fast tunneling rate should be writ- 
ten [1 — exp (— TTTs A2/2?i_E£))]/Ts. This expression shows 
that Ts plays effectively a role in the tunneling rate, 
but only if Fts ~ 1. This is not the case in general, 
where slow relaxation leads to the expression used above 
F « {■kA^)/{2TiEd)- We conclude that ground-state re- 
laxation is only sensitive to changes in hyperfine fiuctu- 
ations characteristic time. At moderately high tempera- 
tures where tq < Ts ~ (Ti,T2), the situation is different 
and Ts might play a role in the relaxation as shown in 
Eq. 3.10. Finally, the slope dn/dTc in the inset of Fig. 5 
allows to evaluate the mean A for 5 < n < 11. We find 
A/kB w 1.5 • 10-6 K. 

Although much larger than in zero field, these gaps 
are still too small to be perturbed by spin-phonon transi- 
tions. These transitions are relevant in the thermally ac- 
tivated regime only. As discussed above, this restriction 
does not apply to magnetic fluctuations of e.g. nuclear 
spins: a fluctuating fleld of only 10^^ T would spread 
the Landau-Zener transition over 20 mK, i.e. 2000 times 
A. This is why the spin bath, with fluctuations of am- 
plitude hs and characteristic time Ts (c^ ~ hs/Ts), plays 
a dominant role to induce tunneling. This is true unless 
dH/dt is much faster than hyperfine fiuctuations. The 
condition for coherent adiabatic Landau-Zener transition 
is A'^/hguBS > O Cs. 

Finally, if there are no phonons with energy compa- 
rable to the tunneling gap A <^ kBT, a large number 
of phonons must be available at the energy scale of the 
hole width, and this explains why (i) non-equilibrated 
square root behavior is observed even above Tc at short 
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timescales, (ii) equilibrated exponential behavior is ob- 
served even below Tc at long timescales. 

§5. Low spin systems (V15 type) 

The process of spin reversal in this system has been 
studied by dynamical magnetization experiments in the 
sub-Kelvin temperature range. 

In the molecular complex Kq[Vi^ Asq042{H20)] ■ 
8H2O (so-called ¥15)^^^ all intra-molecular exchange in- 
teractions being antiferromagnetic, the total spin of the 
molecule is S' = 1/2; there is no energy barrier and no 
tunneling. However the physics of spin rotation has some 
similarities with the case of large spin molecules. 

In Fig. 12 where three hysteresis loops are presented 
at three different temperatures for a given sweeping rate, 
the plateau is higher and more pronounced at low tem- 
perature. The same tendency is observed at a given tem- 
perature and faster sweeping rate (Fig. 13). When com- 
pared to its equilibrium limit (dotted curve in Fig. 13), 
each magnetization curve shows a striking feature: the 
plateau intersects the equilibrium curve and the magneti- 
zation becomes smaller than at equilibrium. Equilibrium 
is then reached in higher fields near saturation. 



sweeping rate 0.14 T/s 




■ 0.1 K 




0.15 K 




0.2 K 










1 1 1 1 1 1 1 



-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 



Fig. 12. Measured hysteresis loops for three temperatures and 
for a given field sweeping rate 0.14 T/s. The plateau is more 
pronounced at low T. 



In order to interpret this magnetic behavior of the V15 
molecules, we will analyse how the level occupation num- 
bers vary in this two level system when sweeping an ex- 
ternal field. In the absence of dissipation, a 2-level model 
is well described by the bare Landau-Zener model, in the 
adiabatic or non-adiabatic case (low or high sweeping 
rates). The probability for the |l/2,-l/2) ^ |l/2, 1/2) 
transition is P = 1 — exp(— 7rAQ/4?i/isc). In such 
a Landau-Zener transition, the plateaus of Fig. 12,13 
should decrease if the sweeping rate increases, which is 
contrary to the experiments. Taking the typical value 
c = 0.1 T/s and the zero-field splitting Ao/fcs « 0.05 K 
one gets a ground state switching probability very 
close to unity: in the absence of dissipation the spin 1/2 
must adiabatically follow the field changes. But, dissi- 
pation due to spin-phonon coupling make the transition 



dissipative (or non-adiabatic, from the thermodynamical 
point of view). The mark of the V15 system is that this 
coupling is acting also near zero applied field because 
hw ~ Aq is of the order of the bath temperature, which 
is not the case of large spin molecules where Aq ^ ksT. 




B„(T) 

Fig. 13. Measured hysteresis loops for three field sweeping rates 
at T = 0.1 K. The observed plateau is more pronounced at high 
sweeping rate. The square-symbol curve was calculated with the 
model discussed in text. We find a good agreement between 
model and experiment. In the inset the calculated number of 
phonons with hu! Aq is plotted vs. the sweeping field mod- 
ulus (note the arrows) at equilibrium (dotted line) and out-of- 
equilibrium (black line). The difference between the two curves 
(thick segment Aq) suggests the moving hole in the phonon dis- 
tribution, while their intersection gives the plateau intercept of 
the equilibrium magnetization curve. 



In a direct process, the spins at the temperature 
Ts should relax to the phonon temperature within a 
timescale ti, the phonons being at the bath tempera- 
ture. However, even with a silver sample holder, it is 
not possible to maintain the phonon temperature equal 
to the temperature of the bath. This is because in V15 
below 0.5 K, the heat capacity of the phonons Cph is 
very much smaller than that of the spins C5, so that 
the energy exchanged between spins and phonons will 
very rapidly adjust the phonon temperature Tph to the 
spin one T5. Furthermore, the energy is transferred from 
the spins only to those phonon modes with huj — Ah 
(within the resonance line width), where Ah is the two 
level field-dependent separation. The number of such 
lattice modes being much smaller than the number of 
spins, energy transfer between the phonons and the sam- 
ple holder must be very difficult, a phenomenon known 
as the phonon bottleneck .^^^ If this phonon density of 
states does not equilibrate fast enough, the hole must 
persist and move with the sweeping field, leading to a 
phonon bottleneck. This means that the spin system 
will not be able to get the equilibrium, as soon as an 
external field is swept with a sufficiently large rate. Let 
us note that in zero field the system is out-of-equilibrium 
even if magnetization passes through the origin of coor- 
dinates. At larger fields, in the plateau region, the level 
population is almost constant at timescales shorter than 



Tunneling of Mesoscopic Spins in Molecular Crystals 



11 



TH, even after the plateau crosses the equilibrium curve. 

Equilibrium is reached when th becomes small enough. 
In36) 

we give a theoretical model inspired from the 
well-known work of Abragam & Bleaney .^^^ Starting 
from the balance equations of the coupled spin-phonon 
two level system, we derive the relaxation law of the mag- 
neticmoment: —I/th =x{t)—x{Q)+\n{{x{t) — l)/{x{Q) — 
1)), where x{t) is the deviation of the magnetization from 
its equilibrium, tr is the relaxation time and is a func- 
tion of field and temperature (see 36,39)-^^ -y^g then cal- 
culate the hysteresis loops with very realistic values of 
the parameters and we find a good agreement between 
measurements and the calculus of hysteresis loops and 
relaxation times. 

The Vi5 molecular complex constitutes an example of 
dissipative two-level system of mesoscopic size. The total 
spin 1/2 being formed of a large number of interacting 
spins, its splitting results from the structure itself of the 
molecule (intra-molecular hyperfine and Dzyaloshinsky- 
Moriya couplings) and it is rather large (a fraction of 
Kelvin). In V15 and in other low-spin systems, splittings 
must be much larger than in large-spin molecules where 
the presence of energy barriers lowers them by orders of 
magnitude (e.g. 10~^^ K in Mni2, see above). This is 
the reason why spin-phonon transitions are important in 
low-spin molecules and not relevant in high-spin ones, 
unless a large transverse field is applied (it increases the 
tunnel splitting and probability) in which case we would 
also expect similar phenomena. 

§6. Conclusion 

The evidence of resonant tunneling of the magnetiza- 
tion in Mni2-ac allows to make a link between magnetism 
and mesoscopic physics. In particular it shows that the 
transition between the low temperature quantum behav- 
ior and the high temperature classical one, takes place 
through an intermediate regime in which tunneling is 
thermally assisted. These studies also shed light on the 
effects of spin couplings with their environment. The 
magnetic relaxation law Mit) and resonance line-shape 
dM/dH are connected to each other. They both give dif- 
ferent results depending on the strength of the coupling 
with the bath : square root relaxation and any type of 
line-shape when the spin (and phonon) system is not at 
equilibrium, and exponential relaxation with Lorentzian 
line-shape when it is equilibrated. However, this is not 
an absolute rule and we found, and explained, situations 
where a square root relaxation can be also observed when 
the spin system is at equilibrium. These results obtained 
previously above 1.5 K are confirmed by high fields sub- 
kelvin experiments. In particular the crossover between 
square-root and exponential relaxation law at Tb, and the 
crossover between ground-state and thermally activated 
tunneling at To, are clearly observed in the bulk phase 
of Mni2-ac. Note that these two crossovers do not coin- 
cide. This observation is not surprising because the for- 
mer is related to different couplings with the bath (spins, 
phonons) , while the latter is essentially a single molecule 
effect. Finally, we have evaluated the tunneling gaps 
of the bulk phase of Mni2-ac for different experimental 
cases. A very good agreement was always obtained with 



the gaps obtained by exact diagonalization. 

The role of spin-phonon transitions is discussed in de- 
tails in the low spin molecule V15, where the absence 
of barrier leads to large gaps. This study, in which the 
reversal of a "macroscopic" spin 1/2 is analyzed, shows 
particular hysteresis loops reminiscent but definitely dif- 
ferent from those of high spin molecules. The hysteresis 
loop of low spin molecules comes from spin-phonon tran- 
sitions. It is concluded that in the presence of a large 
magnetic field, spin-phonon transitions should also be 
important in large spin molecules and lead to hysteresis 
loops similar to these observed in V15. 
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